Construction of a subpicosecond double-beam laser photolysis system utilizing a femtosecond Ti:sapphire oscillator and three Ti:sapphire amplifiers (a regenerative amplifier and two double passed linear amplifiers), and measurements of the transient absorption spectra by a pump-probe method Rev.
The water vapor fluorescence in air from filaments generated by intense ultrashort Ti:sapphire laser pulses is experimentally studied. The backscattered fluorescence from OH shows an exponential increase with increasing filament length, indicating amplified spontaneous emission. By measuring the intensity inside the filament and the fluorescence intensity of OH, a high degree of nonlinearity is obtained, indicating a highly nonlinear field dissociation of H 2 O molecule. which has attracted a lot of scientific interests. Filamentation is known as a dynamic equilibrium between Kerr selffocusing and defocusing by the self-generated plasma produced by multiphoton/tunnel ionization of air molecules.
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For short filament (<5 cm), intensity clamping produces a self-stabilized high peak intensity inside the filament of the order of $5Â10
13 W/cm 2 , while longer filaments might lead to intensity spikes. 7, 8 Both of them can be beneficial for a lot of nonlinear effects, such as remote sensing, 9-11 molecular alignment, 12, 13 harmonic generation, 7, 8, 14, 15 etc. Inside filament, most molecules undergo multiphoton/tunneling ionization and fragmentation, which excites the ions and fragment molecules into some highly excited states, resulting in the emission of characteristic fingerprint fluorescence. 16, 17 Luo et al. 18 have observed that the spontaneous emission from N 2 molecules and ions become amplified as it propagates back along the filament. The amplified spontaneous emission (ASE) is characterized as ASE lasing. More recently, lasing action from filaments was shown to operate at both $391 and 337 nm in molecular nitrogen 19, 20 and at $845 nm in atomic oxygen. 21 In this work, we investigated the backscattered fluorescence of OH from water vapor in air, from the filament which is generated by a femtosecond Ti:sapphire laser pulse. The dependence of the fluorescence of OH on the filament length shows clear evidence of ASE. Besides, by measuring the intensity inside the filament and fluorescence intensity of OH, a high degree of nonlinearity is obtained.
The experiments were done by using a 12 mJ/50 fs, 10 Hz Ti:sapphire laser beam. The schematic of the experimental setup is illustrated in Fig. 1(a) . The laser beam was focused by a lens of 42 cm focal length. A dichroic mirror (M1, 7.5 cm in diameter) with high reflectivity at 800 nm and 50% transmission from 300 nm to 315 nm was used right after the lens to reflect the beam at 45 incidence angle. A 5-cm-long filament was created roughly 35 cm after the mirror (M1) in air. A beaker with open area of 15 cm in diameter was placed 4 mm under the filament. The beaker was fully filled with distilled water, in order to create an environment with a water vapor concentration of $2% at room temperature (22 C) according to our measurement in Ref. 22 . The backscattered fluorescence from the filament zone was collected after the dichroic mirror (M1) with a fused-silica lens (5.08 cm in diameter, 10 cm focal length) and sent to an intensified charge coupled device (ICCD)-gated spectrometer (Acton Research Corporation, SpectraPro-500i) through a fiber coupler. The fluorescence from the side was obtained by imaging the filament onto and parallel to the 100 lm-wide slit of the same ICCD-gated spectrometer using two identical fused-silica lenses (U5.08 cm f ¼ 10 cm) and one periscope. A grating of 1200 grooves/mm (blazed at 500 nm) was used. All the results shown in this paper are averaged over 1000 laser shots.
Fluorescence coming from the water vapor was found in the range of 306-309 nm as shown by the black curve in Fig. 1(b) , at room temperature (22 C) and with 2 mJ of the pump pulse energy. The fluorescence was identified as OH* radiation from
The fluorescence from molecular N 2 was also observed around the peak of 315 nm as shown in Fig. 1(b) . To check whether the fluorescence of N 2 has any effect on the typical OH radiation at 308.9 nm, another trial experiment was carried out. The beaker filled with water was replaced by a gas nozzle, which continuously provided a dry air blow to reduce the amount of water vapor in air. The spectrum of the back-scattered fluorescence from the filament was detected then. The result is shown as the blue dashed curve in Fig. 1(b) . In this case, the signal around 308.9 nm which corresponds to the OH fluorescence decreases to the noise level, i.e., both N 2 and O 2 molecules have no contribution to the fluorescence of OH around 308.9 nm. In this paper, the spectral peak intensities of 308.9 nm from OH were chosen as the OH fluorescence.
The OH fluorescence in the backward and side directions was measured with the gated-ICCD spectrometer under different input pump pulse energy. A CCD was employed to image the filament from the side [see Fig. 1(a) ] in order to measure the length of the filament. The result is shown in Fig. 2(a) (detected from the backward direction) and Fig. 2(b) (detected from the side). In Fig. 2(a) , the backscattered OH fluorescence increases exponentially as the filament length increases, while in Fig. 2(b) , the OH fluorescence from the side has a linear dependence with the filament length. If the OH fluorescence signal is incoherent, OH fluorescence emission detected in the backward and side directions should give similar results. However, in our experiment, the on-axis backward OH fluorescence signal increases much faster (increase exponentially) with the filament length than the one detected from the side (increase linearly). This indicates amplified spontaneous emission. The ASE can be expressed as
ðwith amplificationÞ ;
ðwhen gL ( 1Þ;
where I is the intensity of the spontaneous emission, P the spontaneous emission power, P s the spontaneous emission power per unit length, and L the effective length of the gain medium, which roughly equals to the length of the filament. gðlÞ is defined as the optical gain coefficient, which is a function of the relative position l inside the filament. g is the effective gain coefficient over the filament length. In our experiment, the maximum length of the filament is 5 cm. In this sense, due to intensity clamping, we assume the intensity inside the filament is uniform and consider the filament zone approximately as a cylinder, meaning that the optical gain gðlÞ has little deviation from the effective gain coefficient g over the filament length. In Eq. (1a), when the spontaneous fluorescence is amplified along the gain medium, the integrated fluorescence shows an exponential dependence with the length L of the gain medium (filament), which corresponds to the result in Fig. 2(a) . By applying Eq. (1a), the experimental curve in Fig. 2(a) can be fitted with an effective gain coefficient of 0.451 cm À1 . In Fig. 2(b) , the OH fluorescence is proportional to the filament length, since the fluorescence detected from the side only sees the gain along the very small filament cross section (roughly 100 lm), which is a short distance. The value of the gain along the cross section should have the same magnitude as the effective gain coefficient detected from the backward direction (0.451 cm
À1
). Therefore, in this case, the product of the gain (assuming g ¼ 0.451 cm
) and the length of the gain medium (L ¼ 100 lm) are negligibly small ( gL ( 1), which corresponds to Eq. (1b). As a result, the integrated OH fluorescence from the side is just the sum of the emission from all the small unit lengths along the filament, in accordance with our results in Fig. 2(b) . The absolute value of the OH fluorescence intensity in Figs. 2(a) and 2(b) is not comparable, since the measurements from the side and the backward direction employed different techniques. The polarization of the fluorescence in the backward/side direction was measured by rotating a polarizer placed just before the fiber head (backward direction) or the slit of the spectrometer (side). Both of them are randomly polarized as shown in Figs. 2(c) and 2(d) . The isotropic polarization and the difference between the gain in backward and side directions provide strong evidences for ASE lasing.
In order to understand the physics of the lasing action and the dissociation process, an energy diagram was plotted and shown in Fig. 3(a) 22, 23 If the dissociation channels above the ionization potential (12.6 eV) happened, the excited state of H, named H*, would be generated together with OH*(A) [see Fig. 3(a) ]. However, during the experiment, we did not observe any spectral line from the Balmer series, which corresponds to the H* radiation. Thus, it can be assumed that inside the filament the water vapor molecules can be dissociated through the channel Hð 2 SÞ þ OHðA
) emits fluorescence 306-309 nm, having a peak at 308.9 nm.
In this sense, different from previous work that molecular H 2 O is dissociated by single UV photon, the dissociation of H 2 O molecule through Hð 2 SÞ þ OHðA 2 P þ Þ by infrared photon at 800 nm is a multiphoton or highly nonlinear field interaction process. In order to prove our assumption, one supplementary experiment was carried out by measuring the intensity inside the filament and OH fluorescence emission at different input pump pulse energy. Note that although the intensity is supposed to be uniformed along the filament, if the pump power is below or near the critical power for selffocusing ($10 GW in air), the intensity inside the filament would change by varying the pump pulse energy. During this experiment, the lens f ¼ 42 cm in Fig. 1(a) was replaced by another lens with f ¼ 50 cm. At different pump pulse energy, the effective filament length was imaged into the ICCDgated spectrometer from the side. The intensity at every small unit lengths (0.15 mm by calibration) along the effective filament length was calculated according to Eq. (13) in Ref. 27 , by measuring the ratio of the spectral intensity of two nitrogen fluorescence lines, 391 and 337 nm. Then, the peak intensity was selected and the intensity of OH fluorescence at this unit length was recorded. We plotted the OH fluorescence versus the peak intensity over this unit length. The result is shown in a log-log plot in Fig. 4 , with a slope of 6.6. The slope does not correspond to an exact number of photons. However, in Fig. 3(b) around 9 eV (roughly 6 photon energy) a high density of states exists. These states could be coupled by the strong field and dissociating into the Hð 2 SÞ þ OHðA 2 P þ Þ channel. The fluorescence from
OHðA 2 P þ Þ is attributed to the pumping to these excited states. The excitation probability into these coupled excited states may have the slope of 6 or 7 (or some other noninteger values). In this sense, the slope 6.6 which is observed in the experiment is the mixture of the contribution from various excited states. Thus, it is reasonable to conclude that the gain in the fluorescence of OH comes from the dissociation channel Fig. 3(a) ]. Here, n indicates the mixture of the contribution from various excited states and not an exact number of photons. However, if the other lower lying channel
Þ which would give rise to OH (X) fragments in the ground state were also possible, it would reduce the population inversion in the ensemble of OH population. We would argue that such latter channel would be less probable. Under strong broadband femtosecond laser field excitation, many molecular states might have been coupled by the field. The higher the density of states is, the more probable the coupling could be. In the experiment, the strong field was set by intensity clamping in the air filament where the intensity was of the order of 5 Â 10 13 W/cm 2 . According to Fig. 3(b) , the region of higher density of states is around 9 eV, which would decay into the channel H 2 O þ nh ! Hð 2 SÞ þ OHðA 2 P þ Þ. Hence, the excitation of this channel would be more probable. Since OH* is created directly, its population is naturally inverted, and thus ASE lasing occurs.
In summary, an exponential variation of the backscattered fluorescence from water vapor with increasing filament length was experimentally observed. This indicates that the fluorescence has been amplified while it propagates back along the filament. It opens up possibilities for the investigation on lasing action of water vapor through filament, since it exhibits similar characteristics as the N 2 molecules and ions. For example, we might also expect that the harmonic-seeded remote laser emission 20 can be operated in water vapor molecules as well. Besides, different from previous work using UV pulse to dissociate molecular H 2 O through single photon process, the molecular H 2 O is dissociated by infrared pulse under strong field process inside a filament. The detailed underlying physics of the dissociation though filamentation awaits to be explored. FIG . 4. Fluorescence intensities of OH 308.9 nm lines as a function of the peak intensity over the effective filament length, shown in log-log scale, with 50 cm focal length lens. The slope is 6.6.
